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ABSTRACT
The state of Iowa has appropriated a large amount of money to have research
conducted in an attempt to reduce hog odor levels in the air. Communities located nearby
swine production facilities experience the unpleasant effects of grouping a large number of
animals in a concentrated area requiring heavy ventilation. Several methods are being studied
at Iowa State University of which wind tunnel testing of odor transportation is one.
Wind tunnel testing is a relatively inexpensive and easy tool for studying the problem.
Many experiments may be conducted in a short time. In the case of studying the effect of
using bushes as a mean of preventing the odor particles from reaching nearby communities
the wind tunnel becomes indispensable. A sufficient number of tests required to make any
conclusions would not be possible to conduct in a non laboratory environment.
By studying the mass of particles leaving a wind mnnel model for various
configurations where the number of bushes, their height and thickness, wind direction and
wind speed are varied, it is possible to detect the importance the number of bushes used as
well as their height plays when trying to minimize the amount of odor particles that escape
the vicinity of the facility.
A method relating a surface's brightness to the mass of particles located on that
surface using digital imaging was also successfully investigated.
By adding bushes to an existing facility it is not only possible to decrease odor levels
down wind of a structure by as much as 50%. Rows of bushes would also enhance the
appearance of the facility in the surrounding environment.
CHAPTER 1. INTRODUCTION
Hog odor is a big problem in Iowa and many other states in the United States that
causes discomfort to communities and individuals residing near swine production facilities.
This thesis deals with efforts by the Department of Aerospace Engineering and
Engineering Mechanics at Iowa State University to determine if the use of shelterbelts can
reduce the amount of odor particles that travel beyond the immediate vicinity of the facility.
The Department of Aerospace Engineering and Engineering Mechanics is not the only
department involved in working on this problem at the university. Other departments and
facilities include the Department of Agronomy that works on several projects including the
development of a new set of N fertilizer recommendations for use with the late-spring test on
manure cornfields. The Iowa State University Research and Demonstration Farms is testing a
Swedish pig production system (hoop structures). The Department of Chemistry has
developed optical techniques to demonstrate in the laboratory that it is possible to use
micelles (small membranes) to trap 93% of 3-methylindole which is one of the primary
components from swine production. The Veterinary Diagnostic Laboratory is investigating
the persistence of antimicrobials in swine manure and their effect on odor and on the use of
manure. The Department of Plant Pathology is working to discover farm management
practices that will reduce the negative aspects and enhance the benefits of applying swine
manure on soybean fields. The Department of Horticulture develops methods for producing
an alternative to peat moss from composted swine manure. The Department of Agricultural &
Biosystems Engineering is conducting research on, among other areas, biomass filters
focusing on reducing odors in building ventilation exhaust air and laboratory evaluations of
the effectiveness of manure additives (chemical, microbiai and enzymatic) and feed additives
in reducing manure odor. The Department of Civil and Construction Engineering conducts
research on environmentally sound processes for treating agricultural wastes, such as swine
manure. The Department of Economics is developing a framework for providing watershed-
level guidelines on livestock production andexpansion. The National Soil TilthLaboratory is
identifying chemical odorants that are associated with livestock odor. The Department of
Microbiology, Immunology and Preventive Medicine develops a chemical-based method to
measure the odor from livestock facilities and the Department of Food Science and Human
Nutrition is working with manure additives that reduce odor.
Iowa State University has formed a consortium with North Carolina and Missouri in
order to coordinate efforts and research money has been provided in part by soybean, com
and pork commodity groups as well as the IowaDepartment of Agriculture.
The research presented here is aimed at decreasing the odor levels down wind of
existing facilities by adding one or more rows of hedges. The effect of adding hedges would
be a decreased wind speed behind the building. A lowered wind speed would cause odor
carrying particles in the flow of air to lose energy and lose height, some reaching the ground.
If it could be could be shown that a significant amount of particles could be brought down
towards the ground, the net result would be an improvement of the living conditions in
surrounding communities. An advantage this technique would have in comparison to work
done by other departments would, in addition to lower odor levels, be a substantial
improvement of the physical appearance of the facility.
CHAPTER 2. EQUIPMENT AND TEST SET-UP
Equipment
All the work performed made use of the Iowa State University Environmental Wind
Turmel at Iowa State University. It is an open circuit wind tunnel used to simulate
atmospheric aerodynamics at a small scale allowing the study of a wide range of natural
phenomena such as, for example, wind transportation of dust from coal piles, modeling of
snowdrifts, modeling of atmospheric boundary layers, particle transportation in general and in
this case the transportation of odor particles from hog houses.
The reasoning behind the use of an open circuit wind tunnel that does not recirculate
air and not a closed circuit wind tunnel is easy to understand. Air in a closed circuit wind
tunnel is recirculated, which means that particles leaving the hog house model may circulate
with the air, and possibly even return to the hog house model. Any pattern on the wind tunnel
floor would then be a product of particles just having left the model in addition to particles
having been recirculated through the system. The open wind tunnel also allows for a longer
test section which in this case was needed in order to construct the necessary boundary layer.
Other equipment included the use of a Ricoh RDC-1 digital camera mounted in the
ceiling of the tunnel allowing pictures of the floor behind the house model to be taken with a
resolution of 768 x 576 pixels. A pixel here is the same as an image element. The air speed
was measured by a pitot-static probe and a pressure transducer with a range of 2" H2O
calibrated by a water manometer. The output from the transducer was fed to a Hewlett-
Packard computer running codes programmed in TrueBasic. Air flowed into the wind tunnel
past the model hog production facility. Styrofoam blocks and wooden spires were used to
produce the appropriate boundary layer. The temperature of the air flow was measured by a
digital thermometer attached to the side of the pitot-static probe. In order to analyze the
digital images, Silicon Graphics computers were used. A small hand held vacuum cleaner
was used to collect the odor particles simulated in the experiments by crushed walnut shells
with an average diameter in the range 40-70 jim. A sensitive scale was used to weigh the
particles. In addition there was also a model ofa hog house of scale 1:50 and several bushes.
Both the model and the bushes will be discussed in greater length below.
Modification ofWind Tunnel
Before any testing could be done it was necessary to modify the interior of the wind
tunnel. Behind the test section was an expanding section that had to be covered. A ceiling
piecewas added at a level even to the ceiling up wind and a floor piecewas also added at the
same level as the up wind floor thus increasing the length of the test section. The increased
length would assure an even flow of air further down stream. The additional floor space
would also allow studies of deposition patterns behind the model. It was also expected that
the deposition of the very light particles used would reach a distance requiring the extra
length. Ahead of where the model was to be placed Styrofoam blocks and wooden spires
were attached to the floor in order to generate the required boundary layer. This is shown in
Fig. 2A.
Figure. 2.1: The inlet of the wind tunnel
David Laird [1] determined the size of these blocks to be 2.5 cm x 2.5 cm x 2.5 cm
and the spires to have a triangular shape with a height of 24.2 cm and a base 3.55 cm wide.
The spires were placed at the inlet of the tunnel with a spacing of 12.1 cm between them. The
blocks were spaced 12.5 cm from each other behind the spires in 28 even rows 12.5 cm apart.
After the air flows past the spires and the blocks, a turbulent boundary layer of approximately
20 cm is generated at the location of the model.
In addition to the blocks the ceiling also had to be adjusted in order to compensate for
the increasing boundary layer thickness. Since the wind tunnel had an adjustable ceiling, the
height of the tunnel at the inlet was kept at 107.0cm and the ceiling height at the location of
the hog house model adjusted to 110.0 cm. More than a 3.0 cm adjustment was not deemed
necessary because of the displacement thickness expected.
Construction of Model
The small scale mode! of the hog house, shown in Fig. 2.2, constructed by David
l^ird, was based on architectural drawings provided by the Department of Agricultural and
Biosystems Engineering and was made in the scale 1:50 (height and length ofthe end) though
the length scale was 1:100 (length) in order to fit inside the test section. The model was
placed on a rotatable circular section of the test section thus allowing the model to face
different wind directions.
The side of the model was 68 cm and the width 24.5 cm. It was 10 cm high and each
side of the roof is 13.7 cm. The side walls of the models were 3 cm high with a large opening
along the side of the building allowing for fresh air to enter the building and allowing it to
leave on the opposite side containing the particles ofcrushed walnut shells that were placed
inside the building. Drawings of the set-up of the tunnel and the bushes can be studied in
Laird [1].
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Figure 2.2: The hog house model in the test section of the wind tunnel
Test Procedure
Each experiment consisted of two parts. During the experiment, photographs were
taken with the digital camera of the wind tunnel floor. These images were then to be analyzed
after the conclusion of the last experiment in the test series. The second part was performed
at the conclusion of each experiment. Once the wind speed inside the tunnel was zero the
particles that had left the model were carefully vacuumed up and weighed on a sensitive and
accurate scale. The recorded masses were entered into a table to be analyzed at a later date by
the Department of Statistics.
Prior to any testing it was necessary to model the desired boundary layer. It had to be
twice the height of the hog house model , Laird [1], (i.e. 200 mm). Fig. 2.3 illustrates the
effects of the bushes on the velocity profiles as it gets closer to a bush. The closer the profile
is to the bush, the lower is the velocity. This is good since a low enough velocity will not be
able to carry the particles down wind. The two profiles closest to the bush even indicates the
possibility of reversed flow.
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Figure 2.3: Boundary layer profiles
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A typical experiment would begin with the collection of atmospheric data consisting
of the outdoor temperature and the air pressure. Before opening the side doors of the
building, in front of and behind, thousands of air speed readings were taken to ensure the
computer registered a zero velocity reading. During the initial testing of the equipment there
had been indications that the readings of the pressure transducer had a tendency to drift over
the period of a couple of days. By zeroing it or essentially re-calibrating it prior to each
experiment, the problem could be avoided.
Each picture was taken initially at small time intervals for greater accuracy as more
particles were expected to leave the model when the level inside was high rather than when
the level had decreased. As the testing began, this was verified. Velocity readings were taken
throughout the experiment at short, even intervals. Each reading consisted of 5000 samples
averaged. This would allow for the keeping of a running average making it possible to adjust
the wind tunnel while it was running so that the desired average velocity could be obtained. If
the power setting of the tunnel had not been adjusted during the experiment it was unlikely
that it would have been possible to obtain an average velocity close to the desired. Each test
lasted 15 minutes and several experiments were conducted back to back allowing for up to
five experiments to be run every day. The effect the air has on the particles during a 15
minute test in the wind tunnel were equivalent to a full scale test of more than 3 1/2 days.
Laird [1] discusses this more extensively.
CHAPTER 3. DIGITAL IMAGING
It was initially suggested that a large number of greased microscope slides should be
placed down wind of the model to provide a tool for determining the particle distribution.
Each slide would have been analyzed under a microscope where the particles would have
been counted. Moghadam[2] did this in 1984when he studiedparticle deposition due to both
point and line source diffusion based on a method developed by Iversen [3] in 1981 while
working on coal dust. An advantage with working with this method is the accuracy with
which the particle distribution may be determined; but there are several drawbacks to it. First
of all the procedure is very time consuming and it would take a long time to run a set of
experiments large enough to base conclusions on with confidence because of all the work
involved with removing, analyzing and replacing the slides. Another disadvantage is that
once the greased slides are completely covered with particles, any additional particles will
simply not stick, giving results that do not reflect the true amount of particles deposited at
that point. It is enough for determining the distribution, but not the actual depth of the
deposition.
Digital imaging disposed of the time problem since digital images could simply be
stored on computer disk space and did not need to be analyzed immediately prior to running a
new test. The distribution of the particles can easily be seen, though the depth can not
measured as in the case with microscope slides.
Unlike using a microscope to count the individual particles, digital imaging looks at
the actual brighmess of the wind tunnel floor. By converting the binary color images taken by
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the camera to gray scale text format images, the brightness, or color intensity, of any
individual pixel can easily be read by a computer code. Each pixel in the image is given an
integer value between 0 and 255, where 0 is completely black and 255 completely white. For
example, a completely black image consisting of three rows and 18 columns with a single
vertical white line running through it would look like this:
0 0 0 0 0 0 0 0 255 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 255 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 255 0 0 0 0 0 0 0 0 0
As mentioned earlier, each image consisted of 768 x 576 pixels, i.e. 768 columns and
576 rows. However, since the model would be rotated inside the tunnel to account for wind
coming at it from different directions and the number of rows of bushes was varied between
zero and three (that also would be able to be rotated to account for different wind directions),
it would not have been convenient to analyze the entire picture. Thus a smaller rectangular
region down wind of the model was cut out of the larger image as can be seen in Fig. 3.1. The
new region was 621 pixels perpendicular to the flow and 43 pixels parallel to the flow.
Figure 3.1: Cross section behind the model
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In order to get any useful information from this cross section, the values in each
column were added and averaged yielding an averaged line as shown in the following
example, in the case of a cross section 10x3 pixels:
100 112 129 200 212 225 217 198 133 95
107 120 120 209 214 245 217 179 137 75
114 104 135 215 210 232 220 199 138 73
107 112 128 208 212 234 218 192 136 81
w
c 150t
250 T
200 --
r 100"
Location
Figure 3.2: Light intensity variations
By taking a large number of pictures of the wind tunnel floor at different times
throughout each of the experiments (at initially short intervals, increased shortly after start to
longer intervals), a set of averaged lines as shown in Fig. 3.2 could be obtained, one for each
experiment. A small interval initially allowed for more detailed information to be collected
during the period where most activity occurs since the level of dust inside the house
decreases rapidly only during the first minute or so. As a safety precaution, a picture was
taken of the clean, empty floor prior to starting the wind tunnel in each experiment and the
averaged line from this cross section in the first section was subtracted out from the ones
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obtained during the experiment. This eliminated any contamination on the floor that
otherwise would have altered the brightness in these plots. That is, if before an experiment a
piece of dust was on the floor, such as from a foot print or some paint, it could be removed
from the pictures. That would alloweach of the experiments to be compared to each other. In
the event this adjustment was not performed, contamination of one experiment would
immediately have made it useless. Each of these curves may be plotted with brightness as a
function of the position across the wind tunnel floor and Fig. 3.3 shows an example of such a
plot. The subtraction of the initial curve sometimes caused the negative brightness values in
some of the plots seen in this thesis. More sun light in the first picture than the others could
be the reason for this behavior.
By calculating the area under the points in each, the change of deposit intensity as a
function of time is obtained. These plots as such says nothing more than that the floor gets
brighter as time passes. Typical examples of such curves are shown in Figures 3.4 and 3.5.
Pixel location along wind tunnel Qoor
Figure 3.3: Deposit intensity vs. distance across the floor (pixels)
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Figure 3.4: Deposit build-up vs. time. Experiment #8
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Figure 3.5: Deposit build-up vs. time, Experiment #24
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Accounting for Changes in Ambient Light
The occasional scattering of points as time passes can easily be seen and some values
can even be negative because initial values from the picture taken before the start of the
tunnel were subtracted out from the test pictures. At first these jumps were contributed to
wind gusts that suddenly either blewwalnut particles away from the floor region or brought
particles to the region. It was later thought that the reason for these jumps could have been
caused by changing light conditions outside the building since the laboratory is exposed to
daylight through the opening in the wall at the inlet of the tunnel. By analyzing a small
section of the side wall of the wind tunnel next to the model where walnut particles do not
collect, similarplots reflecting the brightness of the wall as timepasses were obtained. In the
case of shifting light conditions, the same scattering pattern would be seen. Fig. 3.6 shows
this cross section on the side wall located on the left side of the model.
Figure 3.6: Wall Cross Section
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As can be seen in Figures 3.7 and 3.8 the outside light condition is clearly the cause of
the irregular light intensity on the floor. Each jump that earlier couldbe observed on the floor
intensityas time passed can easilybe seenon the sidewall plots. Since no particles collect on
this wall, the jumps can only be contributed to the changing light conditions due to clouds
passing by outside.
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Figure 3.7: Outside light vs. time. Experiment #8
By stretching the points in Figures 3.7 and 3.8 so that the y-axis scale matched the
scale in Figures 3.4 and 3.5 and subsequently subtracting the stretched wall points from the
original floor deposit points, the scattering was removed. This can easily be done by dividing
the magnitude of one jump in the floor plot (Fig. 3.4 and Fig. 3.5) by the magnitude of the
corresponding jump in the wall plot (Fig. 3.7 and Fig. 3.8) and then multiply the wall points
by that value resulting in a stretched version of the wall plot. In order to verify the validity of
this method, the magnitudes at several locations where jumps occurred were tested, yielding
the same new stretched plot in each case.
1000
800
600 -•
o 400
c
•c 200
ffi
0
-200 ••
-400-•
16,
100 200 300 400 ^ ^ 6^ 700 800 900
♦ ♦ ♦ * ♦ ♦
♦♦♦♦ ♦
Time, s
Figure 3.8: Outside light vs. time. Experiment #24
Adjusting the points in such a way that the ambient light can be accounted for, the
new stretched wall points would remove the jumps of the original floor points. The result of
this procedure were adjusted floor plots where any irregularity in the intensity versus time
plots is entirely due to the change of particle deposition on the floor due to velocity changes
and vortex shedding coming from the hog house model and the hedge row models.
Once the outside light had been accounted for, a curve indicating the change of
particle deposition on the floor with time could be obtained. Figures 3.9 and 3.10 show the
resulting plots of increase of brighmess on the floor versus time for the examples shown in
Fig. 3.4 and Fig. 3.5. This increase in brightness is a measure of the amount of particles that
are covering the floor since the more particles are on the floor, the brighter the floor is. The
complete set of original floor plots, side wall plots, stretched plots and modified plots for the
different experiments are included in Appendix A.
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Figure 3.9: Deposit build-up vs. time with changes in ambient light accounted for.
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Figure 3.10: Deposit build-up vs. time with changes in outside light accounted for.
Experiment #24
Up to this point the digital imaging procedure has yielded more information than the
initially suggested microscope slide method. It is, however, possible to take this method one
step further. It is already known that this method allows for the observation of a wind tunnel
floor to determine particle deposition as time passes, no matter what research is being
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conducted. Even though at this point the time history of the particle deposition for each wind
tunnel test is available, it would be of interest to try to advance the digital imaging bit of the
research so that the obtained time histories can be related to the mass of the crushed walnut
shells that is vacuumed from the floor after each experiment.
Applying integration, computation of area under a curve, to Fig. 3.9 and Fig. 3.10 as
well as the corresponding plots from the other experiments performed makes it possible to
relate that area to the vacuumed mass. The larger the area the more mass will have been
vacuumed up. This will be discussed later in Chapter 4 where the results are presented.
Summary
The process of analyzing the results from the experiments were speeded up and
simplified by the use of a digital camera. Pictures taken of the floor of the wind tunnel allow
the plotting of the brightness across the wind tunnel floor against time. These plots show
clearly how the deposits build up on the floor as time passes and when the area under the
time history plots is computed, a tool of comparison is obtained that can relate floor deposits
with mass vacuumed. Chapter 4 discusses the results from the digital imaging and how it can
be related to the mass of the vacuumed crushed walnut shells left on the wind mnnel floor
after each test.
19
CHAPTER 4. RESULTS AND DISCUSSION
Mass analysis
The analysis of the mass deposited during an experiment was one of three methods of
analysis and this section will be followed by the results from the other two, the imaging
results and the results from the statistical analysis.
Once the wind tunnel was turned off after each experiment and it was safe to enter it,
the house model was removed from its location and taken out of the tunnel in order to weigh
it. The weight of the model with what remained of the crushed walnut shells was then fed
into the computer together with, but separate from, the weight of the walnut shells that had
been vacuumed from the floor. Before vacuuming inside the tunnel the bushes had been
carefully shaken to release all particles so that an accurate measurement of how much
material actually collected on the floor and did not follow the air flow out of the tunnel could
be obtained. Tables 4.1, 4.3 and 4.5 show the configuration of each experiment and Tables
4.2,4.4 and 4.6 show the weights from the experiments.
Table 4.1: Configurations for 4 m/s experiments
Experiment Angle of Number of Bush Bush
attack bushes height thickness
(deg.) (cm) (cm)
1 0 0 0 0
2 30 0 0 0
7 0 3 10 3
8 30 1 10 4.5
10 0 3 10 4.5
12 30 3 10 3
19 0 3 5 3
20 0 I 5 4.5
21 30 1 5 3
24 30 3 5 4.5
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Table 4.2: Results from 4 m/s experiments
Experiment Mass leaving Mass Mass lost Mass lost
model recovered down stream (%)
(e) (g) (s)
I 171.1 72.9 98.1 57.4
2 122.0 30.2 91.8 75.3
7 127.8 88.8 39.0 30.5
8 73.9 49.6 24.2 32.8
10 74.5 52.8 21.7 29.1
12 53.2 83.9 -30.7' -57.7'
19 66.3 41.8 24.6 37.1
20 51.8 30.3 21.5 41.5
21 48.6 32.3 16.3 33.6
24 88.3 57.5 30.8 34.9
*Error in data.
The mass leaving the model when the wind speed in the tunnel was set to 4 m/s was
low to moderate. With the tunnel's power setting adjusted to give, in this case, virtually
threshold velocity the actual velocity fluctuated about that point considerably. Threshold
velocity can be defined as the velocity necessary to initiate motion of a particle or an object.
The threshold velocity of the crushed walnut shells was determined by observing at what
velocity the particles began to leave to hog house model. With the pitot-static probe taking
the velocity readings and slowly increasing the wind velocity from initially 0 m/s the
threshold velocity was determined to be around 4 m/s, probably closer to 3.8 m/s. These
fluctuations can be contributed to wind gusts outside the building housing the wind tunnel.
(Recall that the tunnel inlet is open to the outside.) Once the first few minutes of the
experiment had passed, the level of dust inside the model had decreased to such a level little
or nothing came out during the remainder of the test. The mass that left the building was very
susceptible to the bushes outside the model. This was not true when the wind speed inside the
tunnel was well above threshold. For the 4 m/s tests, any bushes caused massive velocity
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losses which resulted in a large amount of particles collected on the floor. Experiment #1 and
#2 with no bushes have a high percentage of mass lost down wind, well above 50%. As soon
as bushes were introduced, this dropped to below 50% and stayed in the neighborhood of
30% to 40%. Amistake when weighing the house model after the 12^ experiment resulted in
discarding it entirely. The low % Mass lost in Experimeni #10 may be contributed to an
average velocity of 3.95 m/s during the test, which means ihac during long time periods
during the run, the velocity was below threshold and no particles left the building and those
that did may not have traveled very far, thus staying in the region where vacuuming was
done.
Table 4.3 shows the configurations for the 5 m/s experiments where the angle of the
building remained unchanged with respect to the wind at 15". As can be seen, no experiments
were performed with one nor three rows of bushes. The reason for this was that the test
matrix constructed by Philip Iversen, son of Dr. James D. Iversen of Iowa State University,
did not include tests with that configuration. They were not needed in the statistical analysis.
Results from the 5 m/s experiments indicate that bushes play a significant part in
reducing the amount of walnut particles that escapes the vicinity of the model. The
% Mass lost in Table 4.4 is greater than in the 4 m/s experiments but that may be contributed
to the higher velocities. No longer did the wind speed fluctuate around threshold velocity. A
desired velocity of 5 m/s turned out to change the behavior of the particles leaving the model
by quite a bit. Throughout these experiments, a rather large flow of walnut dust left the model
without interruption even as the level inside decreased.
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Table 4.3: Configurations for 5 m/s experiments
Experiment # Angle of Number Bush Bush
attack of height thickness
(deg.) bushes (cm) (cm)
3 15 0 0 0
6 15 0 0 0
15 15 2 7.5 4.5
16 15 2 7.5 3
18 15 2 7.5 3
Table 4.4: Results from 5 m/s experiments
Experiment # Mass leaving Mass Mas5i lost Mass lost
model recovered down wind (%)
(s) (g) (i:)
3 526.5 171.1 355.5 67.5
6 570.3 114.0 456.3 80.0
15 471.8 208.7 263.1 55.8
]6 420.6 194.3 226.3 53.8
18 436.0 210.5 225 5 52.7
In Table 4.5, are the 6 m/s test configurations, completing the test matrix discussed
earher in Chapter 2. As in the 4 m/s experiments, there are no 15*' tests here. There were five
at 30° and five at 0°. There were no experiments with only two bushes here either, though the
bush height and the bush thickness were allowed to vary over the entire range.
Table 4.5: Configurations for 6 m/s experiments
Experiment Angle of Number of Bush Bush
attack bushes height thickness
(deg.) (cm) (cm)
4 0 0 0 0
5 30 0 0 0
9 0 3 10 3
11 0 1 10 4.5
13 30 3 10 4.5
14 30 1 10 3
22 0 1 5 4.5
23 30 3 5 3
25 0 1 5 3
26 30 1 5 4.5
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From the % Mass lost column in Table 4.6 it is not difficult to see that with an
increase in the wind speed from 5 m/s to 6 m/s, considerably fewer particles could be
vacuumed from the wind tunnel floor. With no bushes present at 0° as in Experiment #4,
more than 80% of the material that left the model was lost. Once one bush was added to the
same angle, the %Mass lost decreased to roughly 62%. A greaterchangewas observedas the
height changed from 5 cm to 10cm rather than when the thiclcness changed from 3 cm to 4.5
cm.
In each case a massive loss of weight of the model was registered. The mass leaving the
model varied from approximately 7.5 hg to little over a kilogram. Once each experiment had
been concluded and the model removed from its location in the tunnel it was found to be
almost empty with few particles remaining.
Table 4.6: Results from 6 m/s experiments
Experiment Mass leaving Mass Mass lost Mass lost
model recovered down stream C%)
Cr) Cfi) (s)
4 984.3 178.3 806.0 81.9
5 1047.2 37.5 1009.7 96.4
9 1027.2 520.7 506.5 49.3
11 1004.4 415.4 58K.y 58.6
13 782.3 289.7 492.0 63.0
14 870.1 214.2 655.9 75.4
22 754.8 269.9 484.9 64.2
23 630.9 161.6 469.2 74.4
25 800.5 252.3 548.2 68.5
26 741.6 193.8 547.8 73.9
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From the mass data obtained it was not only possible to perform the statistical
analysis discussed later in this chapter, but it was also possible to fit a curve to the data points
plotted in Fig. 4.1. A curve could be fit to the set of data poinis represented by the total mass
that left the model and the wind speed for each experiment.
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Figure 4.1: Mass leaving the model vs. wind speed
From the equation of this curve fit it is possible to predict how much mass will
actually leave the building. The relationship is given by
M=7.65V(V2-3.8^) (Eq. 4.1)
where V is the wind velocity. It can also be observed that the wind direction has little or no
influence to the amount of mass that leaves the model.
The equation was arrived at by considering the work done by the wind per unit area
and per unit time. One can define the friction velocity, V, as in Equation 4.2. Equation 4.3
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shows the relationship between the work available, (t-TjV, and the work done, qg. Applying
Equation 4.2 to Equation 4.3 allows this equation to be written as Equation 4.4. This equation
can be solved for the mass flow rate, q, resulting in Equation 4.5, where K is a constant
which, in this case, was found (numerically) to be 7.65. The mass can be written as Equation
4.6 and when that equation is substituted into Equation 4.5, one arrives at Equation 4.1.
V = (Eq. 4.2)
(T-T,)V=Kqg (Eq. 4.3)
p(V^-V^)V=Kqg (Eq. 4.4)
KpV
M=KV(V^-V^) (Eq. 4.6)
q=-^(v'-vf) (Eq.4.5)
g
Image Analysis
The results from the digital imaging did not provide results as easy to interpret as
those from the mass analysis described in the previous section. The main results, though, are
the images themselves provided in part in Appendix B. However, important information can
also be gained from the processed data in Appendix A.
Initially attempts were made to color-code the deposits behind the model. This was
done in gray scale. Different shades of gray were assigned to a set of light intensities in the
ASCn image file (Chapter 3), e.g. 0-25 grayO, 26-50 grayl and so on. It was first thought that
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these color-contours could be a useful compliment to the down stream light intensity analysis
described in Chapter 3. The color-contours yielded interesting information about the density
of the floor deposits. Darker shades of gray were assigned to regions of heavy deposits and
brighter shades to regions of lower deposits. Figures 4.2 and 4.3 illustrate the results. The
method was abandoned due to lack of time and the quite extensive data base containing
approximately 860 images.
if
Figure 4.2: Color-contour, Experiment #1
Figure 4.3: Color-contour, Experiment #25
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Fig. 4.4 depicts the model of the swine production facility facing the air flow at an
angle of 0°. As time passes during the experiment, a nearly uniform pattern is formed just
behind the model The reason that particles collect on the floor immediately behind the model
is partly due to a vortex coming off the edge comer of the length of the model pulling air
containing walnut dust down. The house model also reduces ihe wind speed adding to the
deposition process. Because of this vortex and the fact that the air flow is slower the closer it
is to the floor due to the no-slip condition (Fig. 2.3) the flow is not capable of exceeding
threshold velocity until further downstream. Turbulence behind the bushes caused by a low
pressure pulls air and particles down. This is the cause of the panicle deposits closest to the
model. Air passing symmetrically each of the two sides, parallel to the flow, of the model
forces the particles to form the symmetric pattern about the center line.
Figure 4.4: Experiment #1, no bushes present
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Again, when a row of hedges is added to the configuration as in Fig. 4.6, the same
phenomenon is observed as described earlier. Particles are pulled down just after leaving the
model as well as after passing the hedge row. Fig. 4.5 shows graphically how exactly this
happens as the air passes a hedge row. Initially the flow is uniform but it bends down as it
passes the bush. Once the air has passed the bush its speed has decreased below threshold
velocity, thus depositing the particles on the floor. In regions of the airflow carrying particles
where the velocity exceeds threshold velocity, particles will continue to travel down stream
eitherto be deposited further down from themodel or leave the wind tunnel.
Incoming
Air
/ ^ \
Hedge Row )
/
Figure 4.5: Air passing a hedge row
Fig. 4.6 clearly shows the effect of adding hedges behind a swine production facility.
Large quantities of particles that otherwise would have been carried by the wind to nearby
communities, roads or neighbors are prevented to do so by the vegetation. When adding an
additional two rows of hedges, as in Fig. 4.7, the process is repeated again with no surprises.
The bushes reiterate the fact that has already been established. Each hedge row brings the air
flow down towards the floor and reduces its velocity, thus depositing particles. Fig. 4.6 and
4.7 even show a significant amount of particles depositing, stressing the potential strength of
using bushes to decrease the amount of odor particles in the air.
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Figure 4.6: Experiment # 22, One bushpresent
Figure 4.7: Experiment #23, Three bushes present.
Model 30°to air flow
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The process of modifying the data by accounting for changes in ambient light, as
described earlier in Chapter 3, proved to be easy but time consuming since more than 860
images had to be converted from binary format to PGMtext format allowing a FORTRAN??
code (Appendix D) to extract the information of interest. Since an image in IPG format takes
up less than 85 kB of computer disk space, but a converted picture close to 1.5 MB, a lot of
disk space had to be available throughout the analysis phase. Fig. 4.8 shows a typical plot of
the brightness of the floor as it increases with time.
Fig 4.8 can be compared to the section analyzed on the side wall of the tunnel.
Fig. 4.9 displays the same pattern of scattering as time passes hence the early suspicion that
the scattering was due to changes in ambient light caused by a changing cloud cover was
verified. The jumps in Fig. 4.9 are almost identical to those in Fig. 4.8, though of course there
is no increase overall in the brightness on the side wall since no particles could collect there.
Once Fig. 4.9 had been stretched to match the scale of Fig. 4.8, Fig. 4.10 was obtained. The
corrected (modified) light intensity shown in Fig. 4.11 is obtained by subtracting Fig. 4.10
from Fig. 4.8.
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Figure 4.9: Experiment #21, total light intensity on the side wall vs. time
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Figure 4.11: Experiment #21, modified total light intensity on the floor vs. time
Appendix A contains the modification plots for all experiments as well as the original
floor plots, side wall plots and stretched side wall plots. Images in Appendix B reiterate what
has been discussed here in this section. Hedge rows pull the air flow down toward the ground
generating vortices and reducing the air speed, thus causing the deposition of particles. The
height of the hedges seem to have a greater effect on the amount of particles on the floor than
the thickness of them.
Statistical Analysis
In order to interpret the data obtained from the vacuuming and weighing of the
crushed walnut shells from the floor of the wind tunnel, the Statistics Department at Iowa
State University was consulted. By making use of their knowledge, the hope was to
determine which of all the variables studied contributed the most to the amount of dust that
was collected behind the house and the bushes. Any information regarding what factors are
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important and what are not would be extremely valuable. If, for example, it could be shown
that the angle at which the hog house faces the wind has no major impact on how much dust
is collected, then that would imply hog houses may be built facing any direction. Of course, if
it could be shown that the bushes, their height and the number of them, are important in the
sense that more can be collected, then it would be advantageous to build the hog house facing
whatever wind direction that may be most common in the region, thus optimizing the work
done by the hedge rows. For ventilation purposes that would also be the best solution. The
information in this section is based on the statistical analysis provided by Jave Pascual, a
graduate student in the Statistics Department. By feeding the mass tables into a computer
code it was possible to obtain an expression making it possible to approximate % Mass lost
as a function of the configuration settings.
Available for analysis in this study were the angle at which the house model faced the
wind (AoA), the number of bushes (NB), the height of the bushes (HT), the thickness of the
bushes (TK) and the velocity of the wind (VEL). Before any analysis can be done a model
had to be proposed to fit the data to. The objective was to minimize the mass lost down
stream in percent of the total mass leaving the model, i.e. the % Mass lost. This model would
then state the relationship between the five variables and the % Mass lost. The proposed
model, a multiple regression model, was a polynomial regression model given by Equation
4.7
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%Mass lost= Po + CAoA)pi + (NB)p2 + (AoA»NB)p3 + (HT)p4 + (AoA*HT)p5
+ (NB*HT)P6 + (TK)P7 + CAoA*TK)Pg + (NB*TK)p9
+ CHT*TK)Pio + CVEL)Pii + (AoA*VEL)Pj2
+ (NB*VEL)P,3 + (HT*VEL)Pi4 + (TK*VEL)Pi5 + £
Equation 4.7: Proposed Model
Each of the individual variables is a regressor variable, thus the name of the method.
% Mass lost is the response and is a surface in multi-dimensional space. The 15 p constants
are regression coefficients and were all estimated from the data provided in Tables 4.2, 4.4
and 4.6 by using least squares estimation. AoA, NB, HT, TK and VEL could take on one of
three values, either +1, 0 or -1 depending on the factor level. The factor levels are shown in
Table 4.7. No account was taken to tests where there were no bushes present since there was
no interaction between all variables. £ is a constant representing experimental error or noise
introduced during the testing.
Table 4.7: Factor level definition
Variable Low (-1) Medium (0) High (+1)
AoA 0" 15" 30°
NB 1 2 3
HT 5.0 cm 7.5 cm 10.0 cm
TK 3.0 cm 4.5 cm
VEL 4.0 m/s 5.0 m/s 6.0 m/s
Prior to conducting any tests, as mentioned earlier, Philip Iversen had provided a test
matrix mixing the five variables of interest in such a way that the statistical analysis could be
performed at the conclusion of the final test. Table 4.8 shows this test matrix as it looked
after removing erroneous tests as well as tests of no interest.
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Table 4.8 shows the matrix after Experiment #1 through Experiment #6 had been
discarded due to no interaction between all five variables. No bushes were present in these
experiments. Experiment #12 was discarded because a mistake had been made when
weighing the model after the experiment resulting in a negative loss of mass. Since
Experiment #17 was a duplicate of #18 instead of #16, it was also discarded.
Table 4.8: Factor Levels
Experiment # AoA NB HT TK VEL
7 +1 +1 -1 -1
8 +1 -1 +1 +1 +1
9 -1 +1 +1 -1 +1
10 -1 +1 +1 +1 -I
11 -1 -1 -1 +1 +1
13 +1 +1 +1 +1 +1
14 +1 -1 +1 -1 +1
15 0 0 0 +1 0
16 0 0 0 -1 0
18 0 0 0 +1 0
19 -1 +1 -1 -1 -1
20 -1 -1 -1 +1 -1
21 +1 -1 -1 -1 -1
22 -1 -1 -1 +1 +1
23 +1 +1 -1 -1 +I
24 +1 +1 -1 +1 -1
25 -1 -1 -I -1 +1
26 +1 -1 -I +1 +1
pQ-Pis were found by least squares estimation by applying hypothesis testing and are
listed in Table 4.9. Included in the table are also so called test statistic (t-statistic) and
p-values for each variable. The t-statistic value gives a numerical summary of the
experiments. The p-value on the other hand is a probability that indicates how unusual or
how extreme such a t-statistic is. When estimating the p coefficients the least squares method
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returns not only the coefficients but also their distribution. The t-statistic and p-value are
computed from this distribution
In order to say that a t-statistic value is unusual, the corresponding p-value must be
small, preferably less than a value of 0.05. These values are marked in Table 4.9 by an
asterisk (*). A low p-value is also an indicator of the significance of a factor, and the five
(')-values put a lot of weight on the NB,HT,VEL, AoA*VEL a well as the intercept, Po+e.
Table 4.9: Coefficient Estimates and results of hypothesis tests
Coefficient p-value t-statistic p-value Std. error of
estimate
Pn 53.49 50.93 0.0004* 1.050
P. -4.65 -2.01 0.1822 2.312
P,
P,
-5.03 -4.48 0.0463* 1.123
-0.07 -0.07 0.9475 0.966
P. -4.19 -4.83 0.0403' 0.867
P, -1.19 -1.25 0.3384 0.957
P. -8.31 -3.69 0.0662 2.256
P. 0.37 0.50 0.6655 0.735
P, 1.91 1.99 0.1845 0.957
P, 7.22 3.21 0.0849 2.252
P.0 -3.83 -3.08 0.0911 1.242
P., 16.59 19.14 0.0027' 0.867
P. 6.27 6.55 0.0225' 0.957
P. 5.99 2.66 0.1171 2.252
P. -4.29 -3.45 0.0746 1.242
P. 2.73 2.20 0.1592 1.242
More information about the significance of t-statistic, p-value and hypothesis testing
may be found in references [4] and [5]. The individual factors would then be the number of
bushes, the height of the bushes and the wind velocity. AoA is not deemed important by itself
because of its high p-value of 0.18. The very low value for VEL may be credited for bringing
the combination of VEL and AoA down to well below 0.05. It is also clear from Table 4.9
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that the bush thickness is of no great importance when it comes to decreasing the % Mass lost
because of the high value of p,. The p-value for TK is close to 0.67. The coefficient of
determination, R", for this case is 99.80%. Values close to 100% indicate a good estimation.
Figures 4.10 - 4.14 show plots of how %Mass lost varies with the five parameters AoA, NB,
HT, TK and VEL with a line representing mean responses at each value of the respective
function. It has already been mentioned that TK is of little importance when trying minimize
the mass lost down stream as can be seen graphically in Fig. 4.15.
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Figure 4.16: % Mass lost vs. VEL
With the p coefficients now computed the model is given by
% Mass lost = 53.49 - 4.65(AoA) - 5.03(NB) - 0.07(AoA+NB) - 4.19(HT) -
1.19(AoA*HT) - 8.31(NB*HT) + 0.37(TK) + 1.91(AoA*TK) +
7.22(NB*TK)-3.83CHT*TK) + 16.59(VEL) + 6.27(AoA*VEL)
5.99(NB*VEL) - 4.29(HT*VEL) + 2.73(TK*VEL)
Equation 4.8: Final Model
again, AoA, MB, HT, TK and VEL take on values of either +1, 0 or -1 depending on the
configuration in question. It is possible to take this a step further. A simplified model may be
obtained also based on the hypothesis tests. In order to do this a smaller model is suggested
and the hypothesis tests performed again yielding new p coefficients. It is possible to remove
for example AoA*NB, AoA*HT and AoA*TK from Equation 4.7 because of the small
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influence of AoA and the moderate influence of NB, HT and TK. TK*VEL may also be
discarded based on the same reasoning. AoA is kept in the equation because it is a base
parameter and AoA^VBL is kept due to the importance of VEL as shown in Fig. 4.16.
% Mass lost may now be estimated by
% Mass lost = 51.60 - 0.35(AoA) - 3.29(NB) - 3.59(HT) - 3.94CNB*HT)
- 0.03CTK) + 2.85CNB*TK)-1.56(HT*TK) + 15.99(VEL)
+ 4.84CAoA*VEL)+ 1.61(NB*VEL) - 2.02(HT*VEL)
Equation 4.9: Reduced Model
2
The coefficient of determination, R , here is 99.13%. It is possible to reduce this model
further. Equation 4.4 is a much more simplified equation than Equation 4.9 and contains only
those four terms denoted by an asterisk (*) in Table 4.3, but it must be pointed out that
Equation 4.8 should be consulted whenever possible. R^ for Eq. 4.4 is 96.59%.
% Mass lost = 50.25 + 2.24(AoA) - 2.82(NB) - 3.22(HT) + 15.62(VEL)
+ 4.23(AoA*VEL)
Equation 4.10: Further reduced Model
As an example we can have a look at Experiment #14. There is 1 bush there
(NB =-1) with a thickness of3cm (TK =-1), a height of 10 cm (HT =+1), at an angle of30°
to the air flow (AoA = +1) and a velocity of 6 m/s (VEL = +1). Table 4.10, below, compares
the accuracy of Eq. 4.8, Eq. 4.9 and Eq. 4.10. The same comparison is done for Experiments
#15 and #21 in Table 4.11 and Table 4.12 respectively.
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Table 4.10: Comparison, Experiment #14
Item % Mass lost
Experimental Value 75.4
Equation 4.2 75.5
Equation 4.3 76.5
Equation 4.4 71.9
Table 4.11: Comparison, Experiment #15
Item % Mass lost
Experimental Value 55.8
Equation 4.2 53.9
Equation 4.3 51.6
Equation 4.4 50.2
Table 4.12; Comparison, Experiment #21
hem Wc Mass lost
Experimental Value 33.6
Equation 4.2 33.7
Equation 4.3 34.2
Equation 4.4 38.7
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CHAPTER 5. CONCLUSIONS AND COMMENTS ON FUTURE WORK
Both the mass analysis and the image analysis result in the same conclusions: putting
bushes behind the wind tunnel model did change the way the air flow behaved as it left the
model with particles of crushed walnut shells. The thickness of the bushes seems to be the
least important of the five factors investigated, which were the angle with which the model
was facing the wind, the thickness and the height of the bushes, the number of bushes and the
wind speed. The most important of these factors was without any doubt the wind speed.
The method based on vacuuming the crushed walnut shells that left the model after
each experiment proved to give most information and it was possible to perform a statistical
analysis on the data obtained. It proved to be relatively easy to enter the tunnel in order to
vacuum what was left of the floor. Table 5.1 shows clearly the effects of adding different
configuration of bushes to the set-up and how dramatic the change is when it comes to how
much could be collected.
The statistical analysis returned some interesting results that verified what had already
been established such as, for example, that the thickness of the bushes was not important.
Since the test matrix was not complete due to no interaction between the variables in some
cases, more experiments may have to be performed. This would yield more information about
the interaction between the five factors.
Figures 5.1 and 5.2 are very good examples of what the addition of bushes do to
particles in air flows. It can be concluded that a full scale facility with a bush arrangement
such as the one described in this thesis would produce similar results.
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Figure 5.1: Particle distribution after test with no bushes
Figure 5.2: Particle distribution after test with three bushes (removed after test)
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It is seen that considerably more particles are deposited immediately down wind of
the building when bushes are present. The use of a digital camera rather than microscope
slides to determine the particle distribution behind the model did not prove to be as useful as
first thought. However, the method used to analyze the images did indicate the procedure
could be employed as a simple tool to determine how much material actually is on a surface,
not necessarily a wind tunnel floor. Unfortunately the use of the data was not clear and only
the actual images themselves turned out to be the main result. Also described is a method that
would allow for the adjustment of any data to account for changes in ambient light entering a
test facility from windows, doors or by other means (Chapter 3, Appendix A). This method
turned out to be very good.
Table 5.1: Results at 0 and a wind speed of 6 m/s
ExperimeDt# Number of Bush Bush % Mass
bushes height thickness recovered
(cm) (cm)
4 0 0 0 18.1
25 1 5 3 31.5
22 1 5 4.5 35.8
11 I 10 4.5 41.4
9 3 10 3 50.7
It could thus be concluded that the methods used to analyze the data (the mass
analysis combined with the statistical analysis and the digital imaging) yielded results of two
different kinds. The mass data allowed a determination of the importance of the individual
45
factors studied, though more experiments would be necessary to establish a better
understanding of the interactions between the factors. The images taken, on the other hand,
yielded results complementing the mass analysis. From the images it is possible to more
easily understand the flow of air around obstacles such as bushes and the deposition of
particles that are carried with the flow. These are visual results.
When it comes to future testing, consideration should be taken to obtaining a test
matrix that may reveal more information regarding the interactions between the five test
factors. It is possible that additional testing may not yield information that is very different
from information already obtained and this has already been suggested by the Statistics
Department, though it probably would be more accurate. Future testing should also look into
other ways of storing the particles inside the hog house model since during these experiments
the level inside did not remain constant. If, during any individual experiment, the tunnel
would be on too long at a high wind speed, the model would have been emptied in a rather
short time period. As mentioned earlier, a lot of particles leave at the beginning due to this.
Out in a real hog house, that would obviously not be the case. Keeping the level constant
inside a wind tunnel would be extremely difficult though since it would not be all that simple
to adjust the level of crushed walnut shells while the tunnel is running.
Additional testing would not necessarily only take use of a mass and statistical
analysis. It would be possible to write a computer code that would cut out a large portion of
the floor in an image in order to add up all individual pixel values and then dividing that
number by the number of pixels used. This would yield an average brightness value that is
not a curve but rather a single number which would be much easier to handle. It may be
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possible to relate this number to the mass on the floor. If an accurate relationship can be
determined it would no longer be necessary to weigh the dust every time. A problem is of
course the presence of bushes and the fact that the camera can't be moved further back as a
bush is added to the test configuration while allowing for the same area on the floor to be
analyzed each time.
The color-coding could prove to an interesting and useful approach when studying
particle flow in a wind tunnel and how they deposit on the floor. With the technology
available today it should be possible to animate a sequence of images with color-contours in
order to learn about particle movement and how deposition patterns change with time.
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APPENDIX A: MODIFIED FLOOR PLOTS
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Figure A.1: Initial floor brightness, Experiment #1
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Figure A.2: Modified floor brightness. Experiment #1
18000
16000
14000
12000 --
i 10000 --
B
f" 8000
ea
6000 --
4000 --
2000 -•
0
♦ ♦ ♦ ♦
♦ ♦
48
» ♦ ♦
♦ ♦ ♦ ♦ ♦♦♦♦♦
0 100 200 300 400 500 600 700 800 900
Time, s
Figure A.3: Initial floor brightness. Experiment #2
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Figure A.4: Modified floor brightness. Experiment #2
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Figure A.5: Initial floor brightness, Experiment #3
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Figure A.6: Modified floor brightness, Experiment #3
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Figure A.7: Initial floor brightness, Experiment #4
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Figure A.8: Modified floor brightness. Experiment #4
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Figure A.9: Initial floor brightness, Experiment #5
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Figure A. 10: Modified floor brightness. Experiment #5
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Figure A. 11: Initial floor brightness, Experiment #6
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Figure A.12: Modified floor brightness. Experiment #6
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Figure A. 13: Initial floor brightness, Experiment #7
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Figure A.14: Modified floor brightness. Experiment #7
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Figure A. 15: Initial floor brightness, Experiment #8
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Figure A.16: Modified floor brightness. Experiment #8
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Figure A.17: Initial floor brightness,Experiment #9
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Figure A.18: Modified floor brightness. Experiment #9
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Figure A.19: Initial floor brightness. Experiment #10
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Figure A.20: Modified floor brightness.Experiment #10
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Figure A.21: Initial floor brightness, Experiment #11
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Figure A.22: Modified floor brightness. Experiment #I 1
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Figure A.23: Initial floor brightness. Experiment #12
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Figure A.24: Modified floor brightness. Experiment #12
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Figure A.25: Initial floor brightness, Experiment #13
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Figure A.26: Modified floor brightness. Experiment #13
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Figure A.27: Initial floor brightness. Experiment #21
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Figure A28: Modified floor brightness, Experiment #21
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Figure A.29: Initial floor brightness.Experiment #24
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Figure A.30: Modified floor brightness, Experiment #24
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APPENDIX B: IMAGING RESULTS
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Figure B.I: End of experiment #1
Figure B.2: End of experiment #2
63
••'-V f^
r f At »i:L
I'TVl 'V'.' . ,
^ -y r. ,
•f ^
-••"J >..•.• • .
r
r-^_«-
r: 6.=^ *.s V
•>.....
Figure B.3: End of experiment #3
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Figure B.4: End of experiment #4
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Figure B.5: End of experiment #5
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Figure B.6: End of experiment #6
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Figure B.7: End of experiment #7
Figure B.8: End of experiment #8
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Figure B.9: End of experiment #9
Figure B. 10: End of experiment #10
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Figure B.11: End of experiment # 11
Figure B.12: End of experiment #12
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Figure B. 13: End of experiment #13
Figure B.14: End of experiment #14
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Figure B.15: End of Experiment #15
Figure B.16: End of experiment #16
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Figure B.17: End of experiment # 17
Figure B. 18: End of experiment #18
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Figure B.19: End of experiment #19
Figure B.20: End of experiment #20
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Figure B.21: End of experiment #21
Figure B.22: End of experiment #22
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Figure B.23: End of experiment #23
Figure B.24: End of experiment #24
74
Figure B.25: End of experiment #25
Figure B.26: End of experiment #26
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APPENDIX C: COMPLETE TEST INFORMATION
The following pages contain all test information regarding each experiment. It is
important to notice that the indicated average velocity is not the sum of each individual air
speed given in the tables divided by the numberof readings but rather an average of readings
taken every 3-4 seconds during the experiment.
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Table C. 1: Test conditions. Experiment #1
Test Information Elapsed Air
Time Speed
Number of Bushes : 0 fminisec") fm/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 0 0:00 3.61 11:30 4.30
Thickness of Bush(es) (cm) : 0 0:10 4.34 12:00 3.89
0:20 4.31 12:30 4.09
0:30 4.13 13:00 3.90
1:00 4.16 13:30 3.67
1:30 4.17 14:00 4.13
Conditions 2:00 3.58 14:30 3.94
2:30 4.08 15:00 4.07
Temperature (deg. C) : -3 3:00 3.54
Pressure (kPa) : 98.23192 3:30 4.13
Number of Samples 4:00 4.03
Collected per Reading : 5000 4:30 4.41
5:00 4.21
5:30 4.28
6:00 4.55
Mass Relationshins 6:30 3.94
7:00 3.69
Mass Leaving the Model (g) : 171.1 7:30 4.04
Mass Recovered (g) : 72.9 8:00 4.07
Mass Lost Downstream (g) : 98.1 8:30 4.03
Percent Lost Downstream (%) : 57.4 9:00 4.08
9:30 4.15
10:00 4.28
Desired Average Velocity (m/s) : 4.00 10:30 4.25
Actual Average Velocity (m/s) :4.11 11:00 4.20
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Figure C.1: Velocity history, Experiment #1
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Table C.2: Test conditions, Experiment #2
Test Information Elapsed
Time
Air
Speed
Number of Bushes ; 0 fminisec') ("m/s)
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) 0 0:00 3.61 11:30 4.23
Thickness of Bush(es) (cm) : 0 0:10 3.83 12:00 4.29
0:20 3.93 12:30 4.05
0:30 4.39 13:00 3.60
1:00 4.15 13:30 4.12
1:30 4.21 14:00 4.24
Conditions 2:00 4.20 14:30 3.82
2:30 4.01 15:00 3.85
Temperature (deg. C) : -3 3:00 4.19
Pressure (kPa) : 98.09859 3:30 4.16
Number of Samples 4:00 3.94
Collected per Reading : 5000 4:30
5:00
5:30
6:00
3.76
4.51
3.84
4.04
Mass Relationshins 6:30
7:00
4.41
4.12
Mass Leaving the Model (g) : 122.0 7:30 4.21
Mass Recovered (g) : 30.2 8:00 4.32
Mass Lost Downstream (g) : 9L8 8:30 4-30
Percent Lost Downstream (%) : 75.3 9:00 4.23
9:30 4.38
10:00 3.75
Desired Average Velocity (m/s) : 4.00 10:30 3.88
7 -r
•g 6^
Q. 5
I 4+
So
CO
o o
o o
o
wS
o
CO
vb
o
fO
ON
Time, inin:sec
o
o
o
cn
III!
o
o
Figure C.2: Velocity history. Experiment #2
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Table C.3: Test conditions. Experiment #3
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 0 fminisec^ fm/sl
Angle of Attack (deg.) 15
Height of Bush(es) (cm) 0 0:00 3.54 11:30 4.70
Thickness of Bush(es) (cm) 0 0:10 5.22 12:00 5.11
0:20 4.78 12:30 5.17
0:30 5.41 13:00 4.38
1:00 4.58 13:30 4.71
1:30 4.47 14:00 4.64
Conditions 2:00 4.70 14:30 5.03
2:30 5.18 15:00 4.86
Temperature (deg. C) : +/-0 3:00 4.85
Pressure (kPa) : 97.272 3:30 4.81
Number of Samples 4:00 4.67
Collected per Reading : 5000 4:30
5:00
5:30
6:00
5.11
4.67
4.76
4.55
Mass Relationshins 6:30
7:00
5.01
3.98
Mass Leaving the Model (g) : 526.5 7:30 5.35
Mass Recovered (g) : 171.1 8:00 4.66
Mass Lost Downstream (g) : 355.5 8:30 5.13
Percent Lost Downstream (%) : 67.5 9:00 4.84
9:30 4.82
10:00 5.29
Desired Average Velocity (m/s) :5.00 10:30 5.11
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Figure C.3: Velocity history, Experiment #3
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Table C.4: Test conditions. Experiment #4
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 0 ('minr.sec') (•m/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 0 0:00 3.68 11:30 5.92
Thickness of Bush(es) (cm) 0 0:10 6.88 12:00 5.80
0:20 6.98 12:30 5.96
0:30 6.71 13:00 6.45
1:00 5.75 13:30 5.97
1:30 6.48 14:00 5.31
Conditions 2:00 6.61 14:30 5.51
2:30 5.96 15:00 5-85
Temperature (deg. C) -6 3:00 5.77
Pressure (kPa) 98.79188 3:30 5.23
Number of Samples 4:00 6.34
Collected per Reading : 5000 4:30
5:00
5:30
6:00
5.91
5.71
6.09
6.40
Mass Relationshios 6:30
7:00
5.48
6.08
Mass Leaving the Model (g) : 984.3 7:30 6.06
Mass Recovered (g) : 178.3 8:00 6.07
Mass Lost Downstream (g) : 806.0 8:30 6.12
Percent Lost Downstream (% ) ; 81.9 9:00
9:30
10:00
6.17
5.92
5.69
Desired Average Velocity (m/s) : 6.00 10:30 5.89
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Figure C.4: Velocity history. Experiment #4
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Table C.5: Test conditions. Experiment #5
Test Information Elapsed Air
Time Speed
Number of Bushes : 0 Cmintsec) fm/s)
Angle of Attack (deg.) : 30
Height of Bush{es) (cm) : 0 0:00 3.59 11:30 5.74
Thickness of Bush(es) (cm) : 0 0:10 6.08 12:00 6.84
0:20 6.19 12:30 5.78
0:30 5.91 13:00 6.21
1:00 6.73 13:30 5.87
1:30 5.76 14:00 5.81
Conditions 2:00 6.38 14:30 6.07
2:30 6.27 15:00 6.42
Temperature (deg. C) : -5 3:00 6.28
Pressure (kPa) ; 100.4851 3:30 6.49
Number of Samples 4:00 5.80
Collected per Reading : 5000 4:30 5.83
5:00 6.42
5:30 5.55
6:00 5.98
Mass Relationshios 6:30 5.80
7:00 6.89
Mass Leaving the Model (g) : 1047.2 7:30 6.71
Mass Recovered (g) 37.47 8:00 6.07
Mass Lost Downstream (g) : 1009.73 8:30 5.61
Percent Lost Downstream (%) : 96.4 9:00 5.72
9:30 6.88
10:00 6.47
Desired Average Velocity (m/s) : 6.00 10:30 6.08
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Figure C.5: Velocity history, Experiment #5
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Table C.6: Test conditions, Experiment #6
Test Information Elapsed
Time
Air
Speed
Number of Bushes 0 Cminrsec'^ fm/s"!
Angle of Attack (deg.) : 15
Height of Bush(es) (cm) 0 0;00 3.75 11:30 5.12
Thickness of Bush(es) (cm) 0 0:10 5.23 12:00 5.31
0;20 4.77 12:30 5.14
0:30 4.64 13:00 5.48
1:00 4.55 13:30 5.31
1:30 5.09 14:00 5.17
Conditions 2:00 4.90 14:30 5.01
2:30 4.62 15:00 5.67
Temperature (deg. C) : -10 3:00 5.21
Pressure (kPa) : 100.4451 3:30 5.41
Number of Samples 4:00 4.72
Collected per Reading : 5000 4:30
5:00
5:30
6:00
5.23
5.63
5.49
4.39
Ma.ss Relationshins 6:30
7:00
5.24
5.14
Mass Leaving the Model (g) : 570.3 7;30 5.26
Mass Recovered (g) : 114.0 8:00 4.70
Mass Lost Downstream (g) : 456.3 8:30 4.95
Percent Lost Downstream (%) : 80.0 9:00 5.22
9:30 5.54
10:00 4.44
Desired Average Velocity (m/s) : 5.00 10:30 5.10
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Figure C.6: Velocity history, Experiment #6
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Table C.7: Test conditions. Experiment #7
Test Information Elapsed Air
Time Speed
Number of Bushes : 3 fminrsec'l fm/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 10 0:00 3.62 11:30 4.19
Thickness of Bush(es) (cm) : 3 0:10 3.86 12:00 3.59
0:20 3.45 12:30 3.75
0:30 3.89 13:00 3.97
1:00 4.03 13:30 4.17
1:30 4.10 14:00 4.21
Conditions 2:00 4.10 14:30 4.04
2:30 4.23 15:00 4.09
Temperature (deg. C) : -7 3:00 4.67
Pressure (kPa) : 100.3651 3:30 4.25
Number of Samples 4:00 3.88
Collected per Reading : 5000 4:30 4.34
5:00 4.27
5:30 4.20
6:00 4.61
Mass Relationshios 6:30 4.13
7:00 3.91
Mass Leaving the Model (g) : 127.8 7:30 3.52
Mass Recovered (g) : 88.8 8:00 3.92
Mass Lost Downstream (g) : 39.0 8:30 4.02
Percent Lost Downstream (%) : 30.5 9:00 3.96
9:30 3.87
10:00 4.05
Desired Average Velocity (m/s) : 4.00 10:30 4.08
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Figure C.7: Velocity history. Experiment #7
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Table C.8: Test conditions, Experiment #8
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 1 fminrsec'J ("m/s^
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 10 0:00 3.51 11:30 4.22
Thickness of Bush(es) (cm) : 4.5 0:10 4.38 12:00 4.07
0:20 3.76 12:30 4.19
0:30 3.94 13:00 3.84
1:00 3.82 13:30 4.38
1:30 4.26 14:00 4.07
Conditions 2:00 4.43 14:30 3.83
2:30 4.02 15:00 3.72
Temperature (deg. C) : -3 3:00 4.49
Pressure (kPa) : 97.25867 3:30 4.42
Number of Samples 4:00 3.78
Collected per Reading : 5000 4:30
5:00
5:30
6:00
4.13
4.50
4.02
3.62
Mass RelationshiDS 6:30
7:00
4.14
4.09
Mass Leaving the Model (g) : 73.9 7:30 3.85
Mass Recovered (g) 49.6 8:00 3.65
Mass Lost Downstream (g) : 24.2 8:30 4.05
Percent Lost Downstream (%) : 32.8 9:00 4.08
9:30 3.98
10:00 3.93
Desired Average Velocity (m/s) :4.00 10:30 3.62
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Figure C.8: Velocity history, Experiment #8
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Table C.9: Test conditions, Experiment #9
Test Information Elapsed Air
Time Speed
Number of Bushes : 3 fminisec') Cm/si
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 10 0:00 3.69 11:30 6.00
Thickness of Bush(es) (cm) : 3 0:10 6.43 12:00 6.13
0:20 5.47 12:30 5.83
0:30 6.04 13:00 5.65
1:00 4.84 13:30 6.15
1:30 5.87 14:00 6.53
Conditions 2:00 5.78 14:30 5.93
2:30 6.55 15:00 6.86
Temperature (deg. C) : -2 3:00 6.20
Pressure (kPa) : 99.24517 3:30 6.18
Number of Samples 4:00 5.97
Collected per Reading : 5000 4:30 5.99
5:00 6.38
5:30 6.20
6:00 6.60
Mass Relationshios 6:30 6.41
7:00 6.00
Mass Leaving the Model (g) : 1027.2 7:30 6.39
Mass Recovered (g) : 520.7 8:00 5.81
Mass Lost Downstream (g) : 506.5 8:30 6.46
Percent Lost Downstream (%) : 49.3 9:00 6.38
9:30 5.31
10:00 5.64
Desired Average Velocity (m/s) : 6.00 10:30 5.98
Actual Average Velocity (m/s) : 6.03 11:00 6.28
7
Time, iiiiii:sec
Figure C.9: Velocity history, Experiment #9
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Table C. 10: Test conditions. Experiment #10
Test Informatioii Elapsed
Time
Air
Speed
Number of Bushes : 3 rminisec") fm/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 10 0:00 3.69 11:30 3.83
Thickness of Bush(es) (cm) : 4.5 0:10 3.80 12:00 3.49
0:20 4.45 12:30 4.26
0:30 4.76 13:00 3.90
1:00 4.25 13:30 4.09
1:30 4.13 14:00 3.86
Conditions 2:00 4.15 14:30 4.35
2:30 4.20 15:00 4.38
Temperature (deg. C) : +/-0 3:00 3.76
Pressure (kPa) 96.65872 3:30 3.98
Number of Samples 4:00 3.81
Collected per Reading : 5000 4:30
5:00
5:30
6:00
3.73
4.15
3.72
3.79
Mass RelationshiDS 6:30
7:00
3.81
3.99
Mass Leaving the Mode) (g) : 74J 7:30 3.80
Mass Recovered (g) 52.8 8:00 4.14
Mass Lost Downstream (g) : 21.7 8:30 3.78
Percent Lost Downstream (%) : 29.1 9:00 4.00
9:30 4.19
10:00 3.76
Desired Average Velocity (m/s) : 4.00 10:30 3.49
Actual Average Velocity (m/s) : 3.95 11:00 3.78
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Figure C.IO: Velocity history, Experiment #10
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Table C-11: Test conditions, Experiment #11
Test Information Elapsed Air
Time Speed
Number of Bushes : 1 Cminrsec') fm/s)
Angle of Attack (deg.) : 0
Heightof Bush(es) (cm) ; lO 0:00 3.66 11:30 5.21
Thickness of Bush(es) (cm) : 4.5 0:10 5.82 12:00 4.91
0:20 6.92 12:30 5.68
0:30 6.15 13:00 4.98
1:00 6.67 13:30 6.16
1:30 6.21 14:00 6.14
Conditions 2:00 6.52 14:30 6.52
2:30 6.65 15:00 5.88
Temperature (deg. C) : -7 3:00 6.17
Pressure (kPa) : 99.99178 3:30 6.01
Number of Samples 4:00 6.46
Collected per Reading : 5000 4:30 6.42
5:00 6.49
5:30 6.16
6:00 6.22
Mass Relationshins 6:30 6.02
7:00 6.14
Mass Leaving the Model (g) : 1004.4 7:30 5.87
Mass Recovered (g) : 415.4 8:00 5.63
Mass Lost Downstream (g) : 588.9 8:30 6.93
Percent Lost Downstream (%) : 58.6 9:00 6.17
9:30 6.01
10:00 6.32
Desired Average Velocity (m/s) : 6.00 10:30 6.52
Actual Average Velocity (m/s) : 6.06 11:00 6.15
7 T
Time, min:sec
Figure C.11: Velocity history. Experiment #11
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Table C.12: Test conditions. Experiment #12
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 3 fminrsec") fm/sl
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 10 0:00 3.89 11:30 4.08
Thickness of Bush(es) (cm) : 3 0:10 4.07 12:00 3.29
0:20 4.20 12:30 4.24
0:30 3.92 13:00 4.36
1:00 3.51 13:30 4.12
1:30 3.80 14:00 3.53
Conditions 2:00 3.67 14:30 4.14
2:30 4.11 15:00 3.90
Temperature (deg. C) : -4 3:00 3.94
Pressure (kPa) : 97.32533 3:30 3.50
Number of Samples 4:00 3.73
Collected per Reading : 5000 4:30
5:00
5:30
6:00
3.78
3.90
4.33
4.07
Mass Relationshios 6:30
7:00
4.59
3.71
Mass Leaving the Model (g) ; 53.2 7:30 3.88
Mass Recovered (g) : 83.9 8:00 3.34
Mass Lost Downstream (g) : -30.7 8:30 3.78
Percent Lost Downstream (%) : -57.7 9:00 3.86
9:30 4.41
10:00 4.46
Desired Average Velocity (m/s) : 4.00 10:30 3.89
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Figure C.12: Velocity history, Experiment #12
Table C.13: Test conditions. Experiment #13
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 3 Cminrsec^ Cm/s)
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 10 0:00 3.94 11:30 5.92
Thickness of Bush(es) (cm) : 4.5 0:10 5.33 12:00 6.32
0:20 5.48 12:30 6.24
0:30 5.27 13:00 5.80
1:00 6.18 13:30 5.68
1:30 5.62 14:00 6.09
Conditions 2:00 6.22 14:30 5.69
2:30 6.06 15:00 6.47
Temperature (deg. C) : -7 3:00 6.62
Pressure (kPa) : 99.59181 3:30 6.30
Number of Samples 4:00 6.23
Collected per Reading : 5000 4:30
5:00
5:30
6:00
7.08
5.93
6.22
6.46
Mass Relationshins 6:30
7:00
6.09
5.33
Mass Leaving the Model (g) : 782.3 7:30 5.69
Mass Recovered (g) : 289.7 8:00 6.36
Mass Lost Downstream (g) : 492.6 8:30 6.23
Percent Lost Downstream (%) : 63.0 9:00
9:30
10:00
5.57
6.40
5.65
Desired Average Velocity (m/s) : 6.00 10:30 6.27
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Figure C.13: Velocity history. Experiment #13
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Table C. 14: Test conditions. Experiment #14
Test Infonnation Elapsed Air
Time Speed
Number of Bushes : 1 fminrsecl fm/s>
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 10 0:00 3.59 11:30 6.10
Thickness of Bush(es) (cm) : 3 0:10 6.08 12:00 6.15
0:20 5.55 12:30 6.34
0:30 5.98 13:00 5.61
1:00 5.83 13:30 5.58
1:30 6.74 14:00 6.30
Conditions 2:00 5.70 14:30 5.85
2:30 6.51 15:00 5.53
Temperature (deg. C) : -12 3:00 5.97
Pressure (kPa) : 99.59181 3:30 6.22
Number of Samples 4:00 6.50
Collected per Re^ng : 5000 4:30 6.94
5:00 6.12
5:30 6.48
6:00 6.50
Mass Relationshios 6:30 6.53
7:00 5.54
Mass Leaving the Model (g) 870.1 7:30 5.96
Mass Recovered (g) : 214.2 8:00 6.36
Mass Lost Downstream (g) : 655.9 8:30 5.75
Percent Lost Downstream (%) : 75.4 9:00 6.95
9:30 6.69
10:00 6.59
Desired Average Velocity (m/s) :6.00 10:30 6.39
Actual Average Velocity (m/s) :6.11 11:00 6.01
7 T
Time, iiiin:sec
Figure C.14: Velocity history, Experiment #14
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Table C.15: Test conditions. Experiment #15
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 2 Cminrsec'i (m/s)
Angle of Attack (deg.) : 15
Height of Bush(es) (cm) : 7.5 0:00 3.52 11:30 4.74
Thickness of Bush(es) (cm) : 4.5 0:10 4.82 12:00 4.72
0:20 4.90 12:30 4.85
0:30 4.22 13:00 5.30
1:00 4.56 13:30 5.41
1:30 5.44 14:00 4.54
Conditions 2:00 3.94 14:30 4.83
2:30 4.51 15:00 5.30
Temperature (deg. C) : -10 3:00 5.30
Pressure (kPa) : 99.56514 3:30 5.49
Number of Samples 4:00 5.83
Collected per Reading : 5000 4:30
5:00
5:30
6:00
4.96
5.40
5.35
4.48
Mass Relationshios 6:30
7:00
5.47
4.60
Mass Leaving the Model (g) ; 471.8 7:30 4.89
Mass Recovered (g) ; 208.7 8:00 4.61
Mass Lost Downstream (g) : 263.1 8:30 5.80
Percent Lost Downstream (%) : 55.8 9:00 5.29
9:30 4.74
10:00 5.47
Desired Average Velocity (m/s) : 5.00 10:30 4.66
Actual Average Velocity (m/s) : 5.02 11:00 4.44
Time, minzsec
o o o o
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Figure C.15: Velocity history. Experiment #15
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Table C.16: Test conditions, Experiment #16
Test Information Elapsed Air
Time Speed
Number of Bushes : 2 fminisecl (m/s,')
Angle ofAttack (deg.) : 15
Height of Bush(es) (cm) : 7.5 0:00 3.84 11:30 5.16
Thickness of Bush(es) (cm) : 3 0:10 4.93 12:00 5.47
0:20 4.86 12:30 4.81
0:30 4.97 13:00 5.04
1:00 4J5 13:30 5.43
1:30 5.69 14:00 5.33
Conditions 2:00 4.90 14:30 4.62
2:30 5.36 15:00 4.82
Temperature (deg. C) : -10 3:00 5.22
Pressure (kPa) : 99.19184 3:30 4.61
Number of Samples 4:00 5.35
Collected per Reading : 5000 4:30 5.18
5:00 5.18
5:30 5.50
6:00 5.03
Mass Relationshins 6:30 5.01
7:00 4.98
Mass Leaving the Model (g) : 420.6 7:30 4.71
Mass Recovered (g) : 194.3 8:00 4.91
Mass Lost Downstream (g) 226.3 8:30 4.84
Percent Lost Downstream (%) : 53.8 9:00 4.72
9:30 5.05
10:00 5.00
Desired Average Velocity (m/s) : 5.00 10:30 5.30
Actual Average Velocity (m/s) : 5.02 11:00 5.43
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Figure C.16: Velocity history. Experiment #16
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Table C.18: Test conditions, Experiment #18
Mass Lost Downstream (g)
Percent Lost Downstream (%)
225.5
51.7
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 2 rmin:sec"i ^m/s^
Angle of Attack (deg.) : 15
Height of Bush(es) (cm) : 7.5 0:00 3.75 11:30 4.62
Thickness of Bush(es) (cm) : 3 0:10 5.06 12:00 5.06
0:20 5.27 12:30 4.71
0:30 5.01 13:00 5.02
1:00 5.09 13:30 5.09
1:30 5.24 14:00 5.19
Conditions 2:00 5.02 14:30 4.53
2:30 5.51 15:00 5.29
Temperature (deg. C) : -10 3:00 4.87
Pressure (kPa) : 99.19184 3:30 5.01
Number of Samples 4:00 4.94
Collected per Reading 5000 4:30
5:00
5:30
6:00
5.05
5.46
5.54
5.32
Mass Relationshios 6:30
7:00
5.12
4.67
Mass Leaving the Model (g) : 436.0 7:30 5.24
Mass Recovered (g) : 210.5 8:00 5.17
8:30
9:00
9:30
10:00
10:30
11:00
5.00
5.08
5.40
4.43
4.87
4.74
Desired Average Velocity (m/s)
Actual Average Velocity (m/s)
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Figure C.18: Velocity history, Experiment #18
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Table C.19: Test conditions. Experiment #19
Test Information Elapsed Air
Time Speed
Number of Bushes : 3 (•min;sec"> fm/s")
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 5 0:00 3.51 1130 3.94
Thickness of Bush(es) (cm) : 3 0:10 3.56 12:00 4.34
0:20 3.57 12:30 4.05
0:30 3.97 13:00 3.72
1:00 4.14 13;30 4.41
1:30 4.12 14:00 4.22
Conditions 2:00 3.95 14:30 4.45
2:30 4.25 15:00 4.29
Temperature (deg. C) : -6 3:00 3.58
Pressure (kPa) : 99.40516 3:30 4.47
Number of Samples 4:00 4.26
Collected per Reading : 5000 4:30 4.30
5:00 4.31
5:30 3.90
6:00 4.19
Mass Relationshins 6:30 3.46
7:00 4.17
Mass Leaving the Model (g) 73.9 7:30 3.81
Mass Recovered (g) : 49.6 8:00 4.58
Mass Lost Downstream (g) 24.2 8:30 3.81
Percent Lost Downstream (%) : 32.8 9:00 4.55
9:30 4.31
10:00 3.94
Desired Average Velocity (m/s) : 4.00 10:30 4.16
Actual Average Velocity (m/s) :4.08 11:00 4.01
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Figure C.19: Velocity history, Experiment #19
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Table C.20: Test conditions, Experiment #20
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 1 Cminrsec") (m/R)
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 5 0:00 3.56 11:30 4.39
Thickness of Bush(es) (cm) : 4.5 0:10 4.56 12:00 3.71
0:20 4.15 12:30 3.73
0:30 4.43 13:00 4.34
1:00 4.18 13:30 4.67
1:30 3.61 14:00 4.32
Conditions 2:00 3.23 14:30 4.51
2:30 4.14 15:00 4.29
Temperature (deg. C) : -10 3:00 4.07
Pressure (kPa) : 99.12518 3:30 3.70
Number of Samples 4:00 4.01
Collected per Reading : 5(KX) 4:30
5:00
5:30
6:00
4.06
3.71
3.65
3.81
Mass Relation.shin.s 6:30
7:00
3.83
3.80
Mass Leaving the Model (g) : 5L8 7:30 3.96
Mass Recovered (g) 30.3 8:00 3.56
Mass Lost Downstream (g) ; 21.5 8:30 3.64
Percent Lost Downstream (%) : 41.5 9:00
9:30
10:00
4.33
4.35
4.06
Desired Average Velocity (m/s) : 4.00 10:30 4.49
Actual Average Velocity (m/s) 4.03 11:00 3.90
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Figure C.20: Velocity history, Experiment #20
Test Information
Number of Bushes
Angle of Attack (deg.)
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Table C.21: Test conditions, Experiment #21
1
30
Elapsed
Time
(minrsecl
Air
Speed
(m/s)
Height of Bush(es) (cm) : 5 0:00 3.80 11:30 3.82
Thickness of Bush(es) (cm) : 3 0:10 3.79 12:00 4.24
0:20 3.53 12:30 4.06
0:30 4.09 13:00 4.14
1:00 3.78 13:30 4.06
1:30 4.10 14:00 4.30
Conditions 2:00 4.32 14:30 4.34
2:30 4.05 15:00 3.32
Temperature (deg. C) : -14 3:00 4.16
Pressure (kPa) : 99.40516 3:30 4.10
Number of Samples 4:00 4.16
Collected per Reading : 5000 4:30
5:00
5:30
6:00
3.64
4.35
4.11
3.86
Mass Reiationshins 6:30
7:00
4.19
4.35
Mass Leaving the Model (g) : 48.6 7:30 4.14
Mass Recovered (g) : 32.3 8:00 3.92
Mass Lost Downstream (g) ; 16.3 8:30 3.92
Percent Lost Downstream (%) : 33.6 9:00
9:30
10:00
3.47
4.35
4.07
Desired Average Velocity (m/s) 4.00 10:30 4.13
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Figure C.21: Velocity history, Experiment #21
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Table C.22: Test conditions, Experiment #22
Test Information Elapsed Air
Time Speed
Number of Bushes 1 Tminisec") fm/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 5 0:00 3.57 11:30 5.76
Thickness of Bush{es) (cm) : 4.5 0:10 6.33 12:00 5.61
0:20 6.05 12:30 6.25
0:30 5.83 13:00 6.13
1:00 6.75 13:30 5.89
1:30 6.22 14:00 5.39
Conditions 2:00 5.96 14:30 6.01
2:30 6.70 15:00 5.92
Temperature (deg. C) : -4 3:00 6.61
Pressure (kPa) : 98.48524 3:30 5.27
Number of Samples 4:00 5.26
Collected per Reading : 5CKX) 4:30 6.33
5:00 6.07
5:30 6.73
6:00 6.13
Mass Relationshios 6:30 5.81
7:00 6.25
Mass Leaving the Model (g) ; 754.8 7:30 5.83
Mass Recovered (g) : 269.9 8:00 5.82
Mass Lost Downstream (g) : 484.9 8:30 5.97
Percent Lost Downstream (%) : 64.2 9:00 5.66
9:30 5.63
10:00 6.16
Desired Average Velocity (m/s) : 6.(X) 10:30 5.47
Actual Average Velocity (m/s) :5.96 11:00 4.46
Time, min:sec
Figure C.22: Velocity history. Experiment #22
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Table C.23: Test conditions, Experiment #23
Test Information Elapsed Air
Time Speed
Number of Bushes ; 3 ("min:sec) fm/.O
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 5 0:00 3.64 11:30 6.20
Thickness of Bush(es) (cm) : 3 0;I0 6.82 12:00 6.22
0:20 6.02 12:30 5.75
0:30 6.68 13:00 5.95
1:00 5.70 13:30 5.73
1:30 5.52 14:00 5.74
Conditions 2:00 6.32 14:30 6.01
2:30 6.39 15:00 6.17
Temperature (deg. C) : -4 3:00 6.29
Pressure (kPa) : 98.48524 3:30 5.51
Number of Samples 4:00 5.48
Collected per Reading : 5000 4:30 6.13
5:00 6.11
5:30 6.02
6:00 6.04
Ma-ss Relationshins 6:30 6.2 i
7:00 6.03
Mass Leaving the Model (g) 630.9 7:30 6.37
Mass Recovered (g) 161.6 8:00 5.99
Mass Lost Downstream (g) ; 469.2 8:30 6.18
Percent Lost Downstream (%) : 74,4 9:00 6.12
9:30 5.69
10:00 5.69
Desired Average Velocity (m/s) : 6.00 10:30 6.26
Actual Average Velocity (m/s) : 5.92 11:00 5.54
7 -r
Time, imii:sec
Figure C.23: Velocity history, Experiment #23
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Table C,24: Test conditions. Experiment #24
Test Information Elapsed Air
Time Speed
Number of Bushes ; 3 ('mtn:sec"> (m/s)
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 5 0:00 3.74 11:30 4.30
Thickness of Bush(es) (cm) : 4.5 0:10 4.08 12:00 4.14
0:20 4.18 12:30 4.22
0:30 4.19 13:00 4.19
1:00 4.12 13:30 4.26
1:30 4.10 14:00 4.18
Conditions 2:00 4.21 14:30 4.04
2:30 4.01 15:00 4.28
Temperature (deg. C) : -14 3:00 4.10
Pressure (kPa) : 99.40516 3:30 4.40
Number of Samples 4:00 3.77
Collected per Reading : 5000 4:30 3.90
5:00 4.28
5:30 4.38
6:00 4.06
Mass Relationships 6:30 4.36
7:00 3.73
Mass Leaving the Model (g) 88.3 7:30 3.71
Mass Recovered (g) 57.5 8:00 4.09
Mass Lost Downstream (g) 30.8 8:30 3.66
Percent Lost Downstream (%) : 34.9 9:00 4.51
9:30 4.07
10:00 3.99
Desired Average Velocity (m/s) : 4.00 !0:30 3.98
Actual Average Velocity (m/s) : 4.06 11:00 3.93
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Figure C.24: Velocity history. Experiment #24
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Table C.25: Test conditions, Experiment #25
Test Information Elapsed
Time
Air
Speed
Number of Bushes : 1 Cminrsec") fm/sl
Angle of Attack (deg.) : 0
Height of Bush(es) (cm) : 5 0:00 3.52 11:30 6.27
Thickness of Bush(es) (cm) ; 3 0:10 6.21 12:00 6.51
0:20 6.21 12:30 5.87
0:30 5.72 13:00 5.43
1:00 5.75 13:30 6.50
1:30 6.00 14:00 5.70
Conditions 2:00 6.45 14:30 5.94
2:30 6.11 15:00 6.13
Temperature (deg. C) : -6 3:00 5.95
Pressure (kPa) : 98.20525 3:30 6.27
Number of Samples 4:00 6.46
Collected per Reading : 5000 4:30
5:00
5:30
6:00
6.00
6.42
6.56
6.54
Mass Relationshins 6:30
7:00
6.57
6.29
Mass Leaving the Model (g) ; 800.5 7:30 6.30
Mass Recovered (g) : 252.3 8:00 6.24
Mass Lost Downstream (g) : 548.2 8:30 5.83
Percent Lost Downstream (%) : 68.5 9:00 6.50
9:30 6.17
10:00 6.60
Desired Average Velocity (m/s) : 6.00 10:30 6.32
7 T
Time, min:sec
Figure C.25: Velocity history. Experiment #25
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Table C.26: Test conditions, Experiment #26
Test Tnforaiation Elapsed Air
Time Speed
Number ofBushes : 1 fminisec^ fm/st
Angle of Attack (deg.) : 30
Height of Bush(es) (cm) : 5 0:00 3.67 11:30 6.27
Thickness of Bush(es) (cm) : 4.5 0:10 5.88 12:00 6.64
0:20 6.06 12:30 6.21
0:30 6.54 13:00 6.10
1:00 6.44 13:30 6.04
1:30 6.78 14:00 6.28
Conditions 2:00 7.04 14:30 6.18
2:30 5.95 15:00 5.88
Temperature (deg. C) : -5 3:00 6.61
Pressure (kPa) : 98.20525 3:30 5.90
Number of Samples 4:00 5.92
Collected per Reading : 5000 4:30 5.48
5:00 5.65
5:30 5.94
6:00 5.49
Mass Relationshios 6:30 5.76
7:00 6.56
Mass Leaving the Model (g) : 741.6 7:30 6.31
Mass Recovered (g) : 193.8 8:00 5.98
Mass Lost Downstream (g) : 547.8 8:30 5.95
Percent Lost Downstream (%) : 73.9 9:00 5.98
9:30 5.89
10:00 5.89
Desired Average Velocity (m/s) : 6.00 10:30 6.23
Actual Average Velocity (m/s) : 6.09 11:00 6.14
Time, imn:sec
Figure C.26: Velocity history, Experiment #26
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APPENDIX D: COMPUTER CODES
This code reads in the initial picture taken before the tunnel was started. All pictures
are in PGM format written in readableASCII format. It then subtracts a sf>ecified region from
the other images. It was written in FORTRAN?? to run on Silicon Graphics machines
(UNIX). That is, it
1) Reads in a greyscale ascii file.
2) Rearranges the file fromN lines andMcolumns in the image file to the
actual number of rows and columns in the picmre.
3) It also takes out a rectangular elementspecified by the user
and averages all the pixel values in each column of that block
and averages them. That will shrink the block down from n lines
to only one line.
4) The program finally smoothes the obtained curve in subroutine
smooth.
It modifies ten files all at the same time. It also subtracts out
the line obtained for the case when the tunnel has yet not been started.
implicit none
real*8 temp(640000), z(800, 800), new(800), smoothed(lOOO)
reaJ*8 num, col, row, max, data(lOOO), fc, ft, dt
real*8 tmp, avg(lOOO), row_start, row_end, rows, orig(lOOO)
integer x, y, coljnt, row_int, numjnt, i, j
integer r_s_int, r_ejnt, k, num_smo, n
integer col_start, col_end, cm, nn, counter
character*2 chl
character*42 ch2
character*20 filel, file2, file3, file4, file5, file6, file?
character*20 fileO, fileS, file9, filelO
character*30 filel 1, file22, file33, file44, file55, file66
character*30 file??, fileSS, file99, filelOlO
* 1.PGM IS THE INITIAL DvLAGE
102
fileO = 'l.PGM'
filel ='2.PGM'
filel 1 = '2_smoothened.dat'
file2 = '3.PGM'
file22 = '3_smoothened.dat'
files = '4.PGM'
file33 = '4_smoothened.dat'
file4 = '5.PGM'
file44 = '5_smoothened.dat'
files = '6.PGM'
file55 = '6_smoothened.dat'
file6 = 7.PGM'
file66 = 7_sinoothened.dat'
file? = '8.PGM'
file?? = '8_smoothened.dat'
files = V.PGM'
fileSS = '9_smoothened.dat'
file9 = 'lO.PGM'
file99 = '10_STnoothened.dat'
open (unit = 9, file = fileO, status = 'unknown')
open (unit =10, file = filel, status = 'unknown')
open (unit = 12, file = file2, status = 'unknown')
open (unit = 14, file = file3, status = 'unknown')
open (unit =16, file = file4, status = 'unknown')
open (unit =18, file = fileS, status = 'unknown')
open (unit = 20, file = file6, status = 'unknown')
open (unit = 22, file = file?, status = 'unknown')
open (unit = 24, file = fileS, status = 'unknown')
open (unit = 26, file = file9, status = 'unknown')
open (unit = 28, file = filelO, status = 'unknown')
open (unit =11, file = filel 1, status = 'unknown')
open (unit =13, file = file22, status = 'unknown')
open (unit = 15, file = file33, status = 'unknown')
open (unit = 1?, file = file44, status = 'unknown')
open (unit = 19, file = file55, status = 'unknown')
open (unit = 21, file = file66, status = 'unknown')
open (unit = 23, file = file??, status = 'unknown')
open (unit = 25, file = file88, status = 'unknown')
open (unit = 27, file = file99, status = 'unknown')
open (unit = 29, file = filelOlO, status = 'unknown')
counter = 1
nn = 9
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5 write (*, *), 'File being processed (max 10):', counter
*
* Determine the number of columns and rows in the image
read (nn, 10) chl
10 format (A2)
read (nn, 20) ch2
20 format (A42)
read (nn, *) col, row
read (nn, *) max
*
* Read the data
*
num = col * row - 3
num_int = int(num)
coljnt = int(col)
row_int = int(row)
do y = 1, 1
read (nn, *, end = 30) (terap(x), x = 1, num_int)
end do
i = 1
do y = 1, row_int
do X= 1, col_int
Z(x, y) = temp(i)
i = i+ 1
end do
end do
*
* OK, everything has been read in now. There are so many columns and so many rows. Now
* it is necessary to go in and look at the rows & columns that are of interest. The code below
* is for reading the little rectangle on the side wall. For the floor rectangle, just determine the
* starting numbers by looking at the data file containing the image.
coLstart = 11
col_end =101
row_start = 4.0
r_s_int = int(row_start)
row_end = row_start + 50.0
r_e_int = int(row_end)
*
* Next step is to look at removing the sides, the bottom & the top of the picture
*
rows = row_end - row_start + 1.0
k = 0
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do i = 1, col_int
tmp = 0.0
do j = r_s_int, r_e_int
tmp = tmp + z(i, j)
end do
avg(i) = tmp / rows
*
* Subtract the original data (l.PGM) from all the curves (2.PGM-10.PGM).
*
if (cnt .eq. 0) then
orig(i) = avg(i)
else
avg(i) = avg(i) - orig(i)
end if
end do
go to 40
30 write (*, *)
40 write (*, *)
* Set constants for the smooht subroutine. The number of times to smooth the
* original curve can be changed by changing the value of the variable below.
*
num_smo = 6
*
* Other variables
*
n = 6
fc= 10.0
ft= 12.0
dt = 0.01
if (cnt .eq. 1) then
call smooth(avg, num_smo, col_int, n, fc, ft, dt)
do i = coI_start, col_end
smoothed(i) = avg(i)
write (nn + 1, *) i, smoothed(i)
end do
end if
if (cnt .eq. 0) then
nn = nn + 1
else
nn = nn + 2
end if
cnt = 1
counter = counter + 1
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if (counter .ne, 11) then
go to 5
end if
*
♦ Close all the files and end the program when done
*
do i = 9, 29
close (i)
end do
write (*, *), 'Done'
end
* This is a subroutine that smoothes a curve using fourier transformations.
*
* WRITTEN BY: Dr. J.D. Iversen, Iowa State University
* MODIFIED BY: Magnus Themelius, Iowa State University, Summer 1996
subroutine smooth(data, num_smo, col_int, n, fc, ft, dt)
implicit none
real*8 data(lOOO), fc, ft, dt, pi, wt, wc
realms sum, wht(lOOO), whtO, w, pp, h, f, s
real*8 sunim, t
integer num_smo, n, j, kk, kkk, il, col_int
integer k, ij, in
*
* FILTER CONSTRUCTION PROGRAM
*
* Definitions:
* dt - sampling interval (s)
* fc - cutoff frequency (Hz)
* ft - terminal frequency (Hz)
* wht - weighting factors, n o 0
* whtO - weighting factor, n = 0
*
pi = 4.0 * atan(l.O)
wt = 2.0 * pi * ft
wc = 2.0 * pi * fc
sum = 0.0
do 65 j = 1, n
s = dreal(j)
t = s * dt
wht(j) = (pi / (2.0 * t)) * ((sin(wt * t) + sin(wc * t))) / (pi * pi - (wt - wc)**2 *
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& t**2)
65 sum = sum + 2.0 * wht(j)
sum = sum + fc + ft
do 8 j = 1, n
8 wht(j) = wht(j) / sum
whtO = (ft + fc) / sum
call smonly(data, wht, whtO, num_smo, col_int, n)
*
* FILTER ANALYSIS PROGRAM
♦
* Definitions:
* w - Frequency (rad/s)
* f - Frequenzy (Hz)
* h - Amplitude Ratio
*
* WEIGHT OUTPUT
*
kk = 0
10 format (Ih, 5x, Ihn, 9x, 6hweight, /, 6x. il, 5x, fl2.8)
do 12k= l.n
kkk= 1 *k
12 continue
* FILTER ANALYSIS
w = 0.01
do 40 ij = 1, 40
sunmi = 0.0
do 30 in = 1, n
pp = dreal(in)
30 summ = summ + wht(in) * cos(pp * w)
h = whtO + 2.0 * summ
f = w / (2.0 * pi * dt)
w = w + 0.025
40 continue
return
end
*
* FILTER EMPLOYMENT PROGRAM
*
* WRITTEN BY: Dr. J.D. Iversen, Iowa State University
* MODIFIED BY: S. Magnus Themelius, Iowa State University, Summer 1996
subroutine smonly(data, wht, whtO,num_smo, col_int, n)
implicit none
1
1
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real*8 data(lOOO), psum, whtO, wht(lOOO)
integer n, 11, i2, nuin_smo, ick, i, j, kl, k2, coHnt
11 = n + 1
12 = col_int - n
*
* FOR THIS EXAMPLE, DATA ARE SMOTHED num_smo TIMES
♦
do 99 ick = 1, num_smo
do 100 i = il, i2
psum = 0.0
do 101 j = 1, n
kl =i+j
k2 = i-j
psum = psum + wht(j) * (data(kl) + data(k2))
101 continue
data(i) = psum + whtO * data(i)
100 continue
99 continue
return
end
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APPENDIX E: BUSH POROSITY
The determination of the constant Kl, for the hedges, in the head loss equation
(Equation E.l) was determined by analyzing data obtained from two pressure loss tests.
These tests were performed in a small nozzle. A piece of the model bush was inserted in the
nozzle and readings were taken of the pressure loss across the bush as the nozzle velocity
gradually increased. The test was then repeated for a second piece of material, half the size of
the first.
The velocity for each reading could be established by dividing Equation E.2 by the
cross-sectional area of the section of the nozzle where the material had been inserted
(Equation E.3). The pressure difference between the point immediately ahead of the material
as well as behind was computed using Equation E.4. With Ap and V known at all test points,
Kl. could be determined and K^/L varies with little with the velocity. KJL is virtually constant
and can be considered constant since accurate data was difficult to obtain. The average KJL
was 9.06. With appropriate knowledge about bushes it should be possible to arrive at
conclusions concerning what actual bushes can be used outside a laboratory environment.
Ap
Q = 0.0875 1 .Ih
C
ft
1 P<Bm
s
Vv /
(E.2)
Length of test piece #1: 5.0 cm
Length of test piece #2: 2.5 cm
Area of nozzle: 5 x 5 cm
109
V=-^ (E.3)
Ap = y h (E.4)
^ / water
no
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